INTRODUCTION
Fertilization in flowering plants requires remarkable cellular coordination to carry sperm cells through flower tissues to the ovules. Plant sperm lack flagella and consequently are transported within the cytoplasm of pollen tubes, outgrowths of the pollen grain that extend hundreds to thousands of times the grain's diameter. The female pistil tissue provides distinct guidance cues and essential nutrients that support pollen tube growth through several cellular environments. At the same time, the pistil presents an elaborate barrier that shields ovules from access to inappropriate pollen, including pollen from other species. The molecular understanding of each step in pollination has grown tremendously in recent years, and several gene products that promote pollen tube growth have been elucidated in key model systems, including Arabidopsis, Nicotiana (tobacco), Torenia (wishbone), Lilium (lily), Brassica oleracea (broccoli), etc. (28, 42, 59, 103) . As comparative genomic resources are assembled for plants closely related to these models, it is becoming possible to discern how these pollination mechanisms evolve. This synthesis of functional cell biology and evolution is the focus of this review-the investigations described below promise to clarify the molecular discrimination mechanisms that lead to species diversity in flowering plants.
The Anatomy of Pollination
The reproductive structures of flowering plants are some of the most evolutionarily diverse structures known, varying widely across plant families. Any discussion of the anatomical details of pollination is thus, by necessity, species-specific. Here we provide an overview of pollination in Arabidopsis thaliana, a system where the combination of facile genetics, well-characterized cell biology, and the availability of a complete genomic sequence has led to considerable insight into pollination mechanisms. In this report, we also highlight findings from other taxa, noting anatomical differences with Arabidopsis.
Pistils typically consist of three structures through which the pollen tube navigates: the stigma, the style, and the ovule-containing ovaries. Pollination initiates when pollen is captured by the stigma ( Figure 1A ). In about half of all plant families, including Arabidopsis, the stigma surface is dry, composed of finger-like papilla cells covered by a waxy cuticle and less-distinct proteinaceous pellicle 795 ( Figure 1B ). After adhering to the stigma, the pollen grain germinates. The emerging pollen tube invades the cell wall of a stigma cell and grows down to the style, which in Arabidopsis is a solid cell mass. After navigating through intercellular space to enter the septum, the tissue separating the two ovaries of the pistil, the pollen tube moves through the central transmitting tract before exiting onto the septum surface ( Figure 1A ). Pollen tubes then extend toward one of the 40 to 60 unfertilized ovules, each connected to the septum via a stalk-like funiculus. After extending up the funiculus, the pollen tube gains access to the embryo sac or female gametophyte through the micropyle ( Figure 1C ). The female gametophyte is derived from a syncytium of eight genetically identical haploid nuclei that cellularize to form two synergid cells, an egg cell, a diploid central cell, and three antipodal cells.
Pollen grains are multicellular structures, and in many species, including Arabidopsis, they are composed of three cells at maturity: a large vegetative cell that contains two smaller sperm cells. In other cases, a single generative cell within the vegetative cell cytoplasm undergoes mitosis upon landing on the stigma, forming the two sperm during pollen germination. Pollen cell walls are multilayered and include the intine, constructed primarily of cellulose, and the exine, an intricately ornamented structure composed of the resilient biopolymer sporopollenin ( Figure 1B ). The sculpted exine wall anchors the protein-and lipid-rich pollen coat, material that is vital for interactions with dry stigmas. Pollen tubes emerge within the contact zone between the pollen coat and the stigma (the pollen coat "foot"), and after making their way to an embryo sac, burst with a degenerating synergid cell. The two sperm cells, now released from the pollen tube, complete fertilization, one fusing with the egg to form the diploid embryo, and the other merging with the central cell to form the triploid endosperm.
By using active pollen recognition and rejection mechanisms, pistil cells discriminate between pollen, even from closely related species. This interspecific incompatibility is distinct from incongruity, a passive failure of reproductive systems to interact due to evolutionary divergence (33) . In Arabidopsis, a large array of genes mediates compatible pollen-pistil interactions; some of these are also important for discriminating against other pollen species. The following sections summarize pollen discrimination in Arabidopsis and other plants, focusing on each of the five phases of pollen tube growth (42) .
PHASE I, THE STIGMA SURFACE: CAPTURING POLLEN AND INITIATING TUBE GROWTH
Pollination begins with the adhesion of a pollen grain to a stigma cell. Plants with wet stigma surfaces, such as those from the Lilium, have indiscriminate adhesion that relies only on liquid surface tension (23) . In contrast, in plants such as Arabidopsis with dry stigma surfaces, selective pollen adhesion provides an important opportunity for species-specificity, saving critical pistil resources that 797 would otherwise be consumed during pollen tube migration. Adhesion in plants with dry stigmas has been investigated with different assays, leading to seemingly contradictory results (59) . These discrepancies can be reconciled when the distinct stages of pollen adhesion are considered (12, 21) : "pollen capture" is the earliest stage, and is exine-dependent, whereas the second stage of adhesion involves the formation of a foot of pollen coat at the point of contact with the stigma, and is termed "cross-linking." The final adhesive stage occurs when the pollen tube penetrates the stigma cuticle "tethering" the emptying grain to a papilla cell.
Pollen Capture
The initial step in pollen adhesion, pollen capture, requires only the exine wall and is independent of lipids and proteins in the pollen coat (111). Multiple lines of evidence support this conclusion. First, pollen lacking a coat, either via mutation or chemical extraction, binds to stigma cells as tightly as wild-type pollen (111). Second, a genetic screen for less adherent pollen (lap) mutants identified lap1, a defect that disupts patterning of ordered exine arrays, instead producing large aggregated clumps (110). Third, the molecules that mediate initial adhesion are unaffected by high temperatures, proteases, or lipases; such properties are expected considering the exine is comprised of chemically resistant sporopollenin. Sporopollenin is also rich in hydrophobic moieties, and consistent with this composition, detergents interrupt initial binding events. Finally, and most convincingly, purified exine fragments bind the surface of the stigma (111).
Given that initial pollen capture is exine dependent, what evidence is there that this adhesion is species-specific? When challenged in a detergent wash assay, Arabidopsis pollen adheres more tightly to an Arabidopsis stigma than do pollens from other plant families, or even from the Brassicaceae family, demonstrating a clear species bias in pollen capture. When the adhesion strength is measured across a range of species, the binding strength correlates roughly with taxonomic . Pollen tubes grow through five distinct phases during fertilizaton. Phase I, pollen grains adhere and hydrate on stigma cells. Phase II, the germinating pollen tube grows into the stigma cell wall. Phase III, pollen tubes exit the style and enter into the transmitting tract (TT). Phase IV, after exiting the transmitting tract, pollen tubes grow on the septum surface (SS) to the funiculus of an unfertilized ovule (OV) where (Phase V) the tube targets a synergid cell, releasing sperm for fertilization (Panel C). (B) The interface between a pollen grain and stigma papillus with a cut away pollen grain shows the different layers of the pollen cell wall. (C). Diagram of an ovule. The pollen tube grows up the ovule stalk, the funiculus, to the opening, the micropyle, that leads to the embryo sac. The embryo sac consists of seven haploid cells: two synergids, an egg, a central cell, and three antipodal cells. The central cell is a diploid of two fused haploid nuclei. After fertilization, one sperm cell fuses with the egg to create the embryo, the other sperm cell fuses with the central cell to form the endosperm. distance, with monocot pollens binding less strongly than pollen from dicots. Similar specificity is reproduced with extracted exine-purified exine fragments from Arabidopsis bind Arabidopsis stigmas more tightly than do fragments from other dicots (Quercus agrifolia, or coast live oak) and monocots (Cynodon dactylon, bermudagrass, and Poa pratensis, kentucky bluegrass) (111).
Defining the chemical basis for this specificity has proven particularly difficult because of the intractable nature of sporopollenin. Solid-state characterization shows sporopollenin is composed of long-chain aliphatics with varying levels of aromatics, but despite extensive investigation, its exact chemical structure remains unclear (82) . Genetic analyses of sporopollenin synthesis and patterning may prove more fruitful. In addition to LAP1 several other Arabidopsis genes that alter sporopollenin have been identified, including MS2, DEX1, and FLP1; mutations in these genes result in a lack of exine, defective exine patterning and structurally weak sporopollenin, respectively. (1-3, 80, 81). Although sporopollenin is also found in algae, moss, fungi, and fern spores, the sporopollenin of higher plants must contain species-specific components or modifications. Indeed, sporopollenin polymers may vary across taxa (8) , potentially providing sufficient diversity to account for selective pollen capture by dry stigmas.
Molecules that mediate stigma selectivity in pollen adhesion have proven even more elusive. Even so, the hydrophobic nature of this binding interaction suggests the lipid-rich stigma cuticle plays an important role. Acetone treatment of stigmatic papillae cells from Brassica oleracea completely eliminates their ability to capture pollen grains; this treatment strips off both the waxy cuticle and proteinaceous stigma pellicle and severely dehydrates the cells (22) . Protease digestion of pellicles also adversely affects pollen adhesion (64, 94) , although in this case, it was the later cross-linking stage, rather than initial pollen capture, that was measured (see below). Given the difficulty in collecting large amounts of Arabidopsis stigma surface cuticle for biochemical analysis, it is more likely that the next set of advances will come from other species, or from genetic approaches in Arabidopsis.
Pollen-Stigma Cross-Linking
After initial pollen capture, the pollen coat becomes mobilized, flowing to the contact point with the stigma. This interface, or foot, is the site where lipids, carbohydrates, and proteins from the pollen and stigma mix for the first time; these interactions are believed to generate the adhesive forces of cross-linking. As mentioned above, protease digestion assays argue for the role of stigma surface proteins in pollen cross-linking (64, 94) . Protease-treated stigmas can recover cross-linking ability, but not in the presence of cyclohexamide, indicating that key components are renewable proteins (94) . Cross-linking adhesion also depends on the pollen coat. Removing this coating by organic solvents or mutation drastically reduces cross-linking adhesion (22, 64) . These assays were performed 45 min after pollination, well into the cross-linking phase of binding, and thus are not in contention with observations of pollen capture that show proteins are not involved in the initial stages of pollen-stigma adhesion (111). To date, most observations of cross-linking adhesion have been based on studies in Brassica oleracea, a self-incompatible relative of Arabidopsis with larger flowers, a dry stigma, and agricultural relevance. Through careful dissection of Brassica stigma and pollen coat proteins, at least one pollen-stigma cross-linking pair, SLR1 and SLR1-BP (PCP-A2), has been identified, along with a possible second pair, SLG and PCP-A1.
CROSS-LINKING ADHESION BASED ON SLR1 AND SLR1-BP SLR1 is part of the multigenic family of S-locus related proteins, identified because of its sequence similarity to a stigma component of the self-incompatibility (SI) system in B. oleracea (38, 52, 99) . The SLR1 protein is highly homologous across taxa, and localizes to the stigma cell wall in both B. oleracea and B. napus (52, 101) . Because of its conservation across species and its subcellular location, SLR1 was hypothesized to play a key role in pollen-stigma interactions, prompting a comparative study of pollen adhesion among 11 plants within the Brassicaceae (65) . SLR1 affects pollen adhesion in intraspecific, interspecific, and intergenic pollinations. Reducing SLR1 expression in B. napus weakens pollen-stigma adhesion at late, but not early time points after pollination, reinforcing SLR1's importance in pollen-stigma cross-linking and not initial pollen capture (65, 66) .
How does stigma-localized SLR1 interact with the pollen coat to mediate pollen adhesion? Evidence is accumulating that SLR1 binds to Class A pollen coat proteins (PCP-A), specifically the S-Locus related binding proteins, SLR1-BP1 and SLR1-BP2. PCP-A type proteins are small and highly basic, and were first identified for their ability to bind to stigma-expressed S-family members, including SLR1 (9, 31) . This interaction was confirmed by Takayama et al. who used optical biosensor chips and affinity chromatography to identify and purify two pollen coat proteins from Brassica campestris that bind to SLR1, SLR1-BP1, and SLR1-BP2 (97) . In vitro binding between SLR1 and the SLR1-BPs appears to be genuinely relevant for in vivo pollen-stigma cross-linking-pretreatment of stigmas with PCPs reduces pollen adhesion (66) . This binding interaction cannot account for all SLR1-mediated adhesion in the Brassica group, as SLR1-BP has only been detected in a subset of species. Northern blot analysis with SLR1-BP as a probe detected SLR1-BP in B. campestris (AA genome), B. napus (AACC) and Brassica juncea (AABB), but not in B. oleracea (CC), Brassica nigra (BB), or in two other genera (Raphanus and Arabidopsis) (97, 100) . This absence of SLR1-BP in other Brassicaceae points to a role for a different, and perhaps highly divergent PCP.
CROSS-LINKING ADHESION BASED ON SLG AND PCP-A1
Like SLR1, S-Locus Glycoprotein (SLG) is a member of the multigenic family of S-locus-related proteins. SLG is an extremely polymorphic protein and has been studied for its role in SI. Like SLR1, SLG is expressed in stigma papilla cells, where it accumulates in the cell walls (45, 101) . A role for SLG in pollen adhesion was first experimentally 800 SWANSON EDLUND PREUSS demonstrated in B. oleracea, when treatment with SLG monoclonal antibodies significantly weakened cross-linking adhesion (66) . Like SLR1, SLG interacts with PCPs in vitro, specifically PCP-A1, suggesting a parallel adhesion mechanism (9, 31) . Interpretation of this result is complicated by the fact that one B. oleracea haplotype, expressing no SLG, has similar cross-linking strength as another haplotype with abundant SLG (96) . Also, SLG has been demonstrated to bind to other proteins in addition to PCP-A1 (43); conventional chromatographic separation identified at least 10 PCP-like proteins from the B. campestris pollen coat that interact with SLG (97) . These complex data suggest that SLG may have multiple roles and/or mediate adhesion indirectly.
The chemical basis for SLG/SLR/PCP-mediated cross-linking adhesion remains unclear. The simplest model is a direct interaction of two proteins, one tethered to the wall of the pollen grain and the other tethered to the wall of the stigma. This seems unlikely, as the PCPs do not appear to be tightly attached to the pollen wall, and are unlikely to span the necessary distances for direct interaction. A second model suggests a fundamental change in the nature of the pollen coat once it contacts the stigma. Hydrolysis of pollen and stigma long-chain lipids and subsequent polymerization may both reduce resistance to water flow and cross-link the pollen exine to the stigma cell wall (12) . This model is supported histologically by conspicuous changes in the pollen coat foot after it flows onto the stigma surface. When visualized by electron microscopy, the initially translucent pollen coat becomes electron opaque (11) . If polymerization of coat components is the basis for cross-linking adhesion, it could be that proteins such as the PCPs and SLR1 are either components of this reaction, or involved in activating it.
Cross-linking pollen adhesion does not appear to be species-specific within the Bassicaceae, although specificity at the level of botanical families is seen in cross-pollinations with Nicotiana, Papaver, or Zea mays (67) . If proteins such as SLR1 are involved in species-specific cross-linking, they would either be absent from distantly related plants, or would show extreme variability in sequence and PCP-binding capacity. SLR1 is highly conserved, although SLR1 sequences from 20 members of the Brassicaceae revealed one variable region, which corresponded to the hypervariable region of SLG (37) .
Pollen Hydration
Mature pollen grains are highly desiccated and metabolically inert: Only after landing on the stigma does the pollen receive the nutrients and liquid necessary to activate metabolism and initiate polar pollen tube elongation into the stigma. In flowers with wet stigmas, pollen grains are surrounded by the stigma exudates, and fluids readily flow into the pollen grains, reducing the possibility for speciesspecific regulation of this step. In contrast, in species with dry stigmas, fluid transfer is not passive and often depends on pollen coat conversion at the point of stigma contact. There is clear evidence for mate discrimination during hydration in plants with dry stigmas. For example, on the Arabidopsis stigma, distantly related pollen grains from the Resedaceae, Scrophulariales, Urticales, and Primulales do not hydrate, whereas both Cruciferae and Capparaceae pollens do hydrate and germinate (35) . The molecular details of this recognition remain mysterious. It is also unclear how the hydrophobic lipids of the pollen coat become effective conduits for liquids. Ferrari et al. suggested that pollen coat hydrolysis and polymerization may reduce water flow resistance between the stigma and pollen (12) . Other data indicate that water simply diffuses through the lipids of the pollen coat (see below). Whatever the mechanism, there is strong experimental evidence that lipids play an important role in mediating pollen hydration.
LIPIDS IN POLLEN HYDRATION: THE FEMALE CUTICLE
The plant cell epidermis and waxy cuticle are defenses against a variety of stresses, including UV radiation and pathogen attack. The cuticle is also crucial for regulated gas and fluid transfer-a role that is particularly important at dry stigma surfaces. Interestingly, small molecule transfer across the cuticle has proven similarly important during organ fusion in both Arabidopsis and Catharanthus roseus (54, 90) . Organ fusion research is providing key insights into stigma biology; mutants for organ fusion display aberrant pollen grain hydration due to fundamental changes in the plant cuticle. Arabidopsis organ fusion is normally limited to the ovary septum and the transmitting tissues of the gynoecium. Mutant screens identified the fiddlehead ( fdh-1) organ fusion mutant (56); the FIDDLEHEAD gene encodes a β-ketoacyl CoA synthase necessary for the production of long-chain lipids (54, 84, 109) . Strikingly, approximately half of the pollen that lands on nonstigmatic fdh-1 structures is able to hydrate and germinate, compared with only 1% germination on the intact cuticles of wild-type (55) . Cuticle integrity can be measured by examining chlorophyll leaching into alcohol; this assay shows rapid leaching in fdh-1 tissues (54) . If plants normally restrict fluid transfer across the cuticle in all tissues and release fluids only in the stigma during pollen hydration, then it is not surprising that organ fusion mutants display both compromised cuticle integrity and inappropriate pollen hydration on shoot tissue (57) .
These studies show that the stigma cuticle is unique-it may either remain constitutively permissive to fluid transfer, or it may change to this state only during pollen hydration. Two lines of evidence support the latter model: (a) pollen hydration on Arabidopsis stigmas shows botanical specificity, arguing against a constitutively permissive cuticle, and (b) mentor pollen experiments show that stigma cuticle permeability is locally modulated at sites of compatible pollination. The mentor effect has been observed in several species, where compatible pollen can trigger the hydration of incompatible pollen bound at a nearby stigma site (47) . For example, cer mutant pollen is unable to hydrate and germinate (owing to pollen coat deficiencies, see below), but it can be successfully hydrated when copollinated with wild-type mentor pollen (35, 83) . The trivial possibility that these pollinations are due to indirect water transfer from one grain to another is unlikely; Hülskamp et al. used a micromanipulator to build stacks of pollen grains on a stigma, demonstrating that only the pollen grain in direct contact with the stigma surface hydrates (35) . Likewise, Preuss et al. (83) used pollen tetrads to show that water moves readily from a stigma to a pollen grain but not between pollen grains. The most likely interpretation of the mentor effect is that the binding of a compatible pollen grain triggers a localized change in the cuticle, releasing fluid that is opportunistically captured by adjacent pollen.
LIPIDS IN POLLEN HYDRATION: THE MALE POLLEN COAT
The lipid-rich exudates of wet stigmas are essential for pollen hydration; the pollen coat of plants with dry stigmas may play a similar role (104) . Experiments using exogenously applied lipids implicate certain lipids in stimulating the transfer of fluids from wet stigma to pollen. The triacylglyceride-rich exudates of Nicotiana tabacum stigmas are required for pollination-expression of the cytotoxic gene STIG10-barnase eliminates the stigma exudates, impairs pollen hydration, and results in sterility (17) . Pollen hydration and fertility can be restored by adding specific lipids, including the triacylglyceride trilinolenin (104) .
In plants with naturally dry stigmas, the pollen coat forms a lipid-based hydraulic channel between the pollen grain and stigma surface. Arabidopsis mutations that alter pollen coat lipid content provide strong evidence for this idea. These mutants, altered in the ECERIFERUM (CER) family of genes, cause male sterility and alter the stem's waxy cuticle (35, 48, 70, 83) . There are more than 20 CER members, many of which control stem cuticle formation through longchain fatty acid processing. Three CER mutations, cer1, cer3, and cer6, were isolated in sterility screens and yield pollen that is unable to establish communication and hydration in vivo, but is viable and able to hydrate either in vitro or in high-humidity chambers (35, 83) . CER1 encodes a protein with similarity to the maize GLOSSY1 gene. cer1 mutants accumulate C30 aldehydes and lack C29 alkanes. cer3 mutants are deficient in C29 alkanes, alcohols, and ketones; and this gene encodes a nuclear E3 ubiquitin ligase. CER6 encodes a long-chain fatty acid condensing enzyme, and cer6 plants accumulate C24-C26 lipids (14, 19, 20, 41, 50, 85) . Mentor pollen experiments performed between various cer alleles did not restore fertility, but cer mutant pollen can be rescued by wild-type (35) . These experiments led to the conclusion that infertile cer mutants are likely all deficient in a single class of essential long-chain lipids.
These Arabidopsis experiments point to three possible roles for pollen coat lipids in promoting hydration: (a) their absence could alter pollen coat structure, (b) they could play a direct role in signaling, triggering hydration by the stigma, or (c) they might mediate the passage of water through the pollen coat foot. Support for the first model comes from transmission electron microscopy experiments showing extreme (cer6-2) or more subtle (cer1-147, cer2, cer6-2654, and cer6-1) pollen coat changes. cer3-2186 does not visibly affect pollen coat morphology, indicating the role of lipids is not entirely structural (35, 83) .
Evidence that pollen coat lipids actively promote pollen hydration comes from the analysis of the intragenic suppressor cer6-2R. This allele partially restores C29 and C30 lipids to cer6-2 strains yet fully rescues fertility (14) . Together with the inability of different cer mutant pollens to mentor one another in pollen mixtures, these data suggest that only small amounts of C29 and C30 lipids are required for hydration. Also, lipids alone can rescue cer mutant hydration when added exogenously to stigmas (104, 110) . These experiments suggest that lipids may be necessary and sufficient for pollen recognition, yet they are troubling in their details. The cer6 mutant is not deficient in C18 lipids; however, the addition of C18 trilinolein allows hydration of cer6 pollen, bypassing any requirement for C29-30 lipids (83, 104) . Other C18 lipids, such as dilinolein and triolein, as well as mineral oil, a nonspecific alkane, are also able to rescue cer6-2 pollen (110). Further, species recognition barriers are overcome by the exogenous application of some cis-unsaturated triglycerides, allowing Petunia pollen to hydrate and invade Arabidopsis stigmas. These lipid applications can even result in the hydration and germination of pollen that is not in direct contact with an Arabidopsis stigma (110). Thus, these experiments call into question the conclusion that exogenously added lipids recapitulate normal pollen signaling; instead, such applications likely bypass important regulatory barriers.
Pollen coat lipids have also been predicted to modulate hydration by participating in the transfer of fluids through the lipid-rich foot. The ability of an exogenously added lipid to rescue a cer6 hydration defect correlates with the lipid's permeability to water (61) . Similarly, the ability of added lipids to rescue pollen hydration of STIG10-barnase tobacco plants corresponds to their ability to permit water diffusion across a water/lipid interface; triolein supports hydration in 30 min, trilinolein in 20 min, and tricaprylin in 10 min. It is unlikely that these varying effects are due to differential stimulation of fluid release by the stigma, as they can be recapitulated in vitro (105) .
PROTEINS IN POLLEN HYDRATION: THE GRPs OF THE POLLEN COAT
While lipids provide the conduit for fluid transfer during pollen hydration, proteins likely regulate this process, allowing mate discrimination. The pollen coat proteome has been characterized in Arabidopsis thaliana and includes kinase-like proteins, a series of lipases, and a family of glycine-rich oleosin proteins (GRPs) (68) . The GRP family is organized into a tandem array of eight genes, each with two exons. The first exon encodes a lipid-binding oleosin domain, and the second encodes a glycine-rich repetitive domain. Oleosins surround oil droplets in seeds, anthers, and the pollen surface, regulating oil body size and preventing lipid aggregation. A mutation in the most abundant pollen coat oleosin, GRP17, reduced pollen hydration efficiency without affecting lipid content (69) . Nonetheless, this defect does not completely impair hydration, suggesting that the set of GRPs have overlapping and redundant functions. Testing for redundancy will require overcoming the technical challenge of creating mutations in multiple, closely linked genes.
The GRP cluster evolves rapidly, suggesting that members of this protein family are good candidates for species-specific recognition between pollen and stigma. Sequencing the GRP region in five Arabidopsis ecotypes highlighted an increased rate of insertions and deletions (InDels) in the C-terminal domain of each GRP (68) . Extending this analysis to closely related species, such as Arabidopsis arenosa,
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Olimarabidopsis pumila, Arabidopsis lyrata, Boechera drummondii, and Capsella rubella, and more distant relatives B. oleracea and Sisymbrium irio, confirmed that GRP genes evolve more rapidly than their neighbors (13, 88) . When the highly divergent C-terminal domains of homologous GRPs were compared across species, the amino acid identity was 36%-74%. This contrasts markedly with more conserved neighboring genes, whose amino acid identities ranged between 87% and 95%. These accelerated evolutionary rates were due to an increased number of InDels, as well as enhanced nucleotide divergence. Analysis of synonymous and nonsynonymous rates of change within the GRP coding sequences revealed that the oleosin domain is under purifying selection, while the glyine-rich, C-terminal domain is under neutral, and in some cases, positive selection. Given that species recognition is often mediated by rapidly evolving traits, these findings implicate the GRPs in defining mate discrimination during hydration-this hypothesis awaits functional verification.
SPECIES DISCRIMINATION AT THE STIGMA: LESSONS FROM SPOROPHYTIC SELF-IN-
COMPATIBILITY
To fully understand the cell-cell or species recognition between compatible stigma and pollen surfaces, it is important to take into account the many recent discoveries of SI mechanisms. This subject has been recently reviewed elsewhere (32, 74, 103) and consequently is described only briefly below. SI is well described in the Brassicaceae, where the stigma inhibits and rejects self-pollen based on the composition of the pollen coating. Because diploid cells produce the pollen coating, this form of SI is sporophytic, and the pollen recognition phenotypes reflect the parental genotype. Other systems, such as those found in Nicotiana, are gametophytic, with the performance of the haploid pollen grains determined by their own genotype. Both sporophytic self-incompatibility (SSI) and gametophytic self-incompatibility (GSI) depend on a single, genetic locus (an S-locus) that encodes numerous gene products expressed in the pistil and pollen. In the Brassicaceae, the female determinant of SSI is a highly diverse, transmembrane serine-threonine kinase, with a receptor domain that extends into the cell wall of the stigma papillae. This protein, called the S-locus receptor kinase (SRK), binds to the male determinant, a 6-kDa cysteine-rich protein in the pollen coat, known as the S-locus cysteine-rich protein or S-locus protein 11 (SCR/SP11). A third S-locus protein, the stigma localized S-locus glycoprotein (SLG), is not required for SSI but enhances the response. The initiation of a signaling cascade that results in pollen rejection depends on (a) allele-specific interactions between SRK and SCR proteins and (b) the autophosphorylation of SRK, which is thought to trigger dissociation from two thioredoxin-H-like proteins, THL1 and THL2. These initial interactions trigger a signaling cascade that reduces pollen hydration, impairs tube germination, and ultimately leads to self-pollen rejection.
Important relationships between SI and interspecific-incompatibility were described more than 40 years ago (53) . SI species are often more selective in interspecific crosses than self-compatible (SC) species. Thus, when reciprocal crosses are made between closely related self-compatible species and self-incompatible species, viable progeny often form when the SC pistil is used, but not when the SI pistil is used-a phenomenon termed unilateral incompatibility (UI). The stage and nature of incompatible pollen rejection in UI generally reflects the type of SI system used by the plant. Thus, in SSI of the Brassicaceae, observed cases of UI are stigmatic. Treatments that bypass stigmatic SI, such as bud pollinations, stigma cyclohexamide treatments, and pronase treatments, also bypass UI (30) . This specificity can range from UI to full incompatibility. For example, cross-pollinations between A. thaliana and B. oleracea allow Brassica pollen germination and tube elongation into Arabidopsis pistils, although navigation to the ovules is unsuccessful, but Arabidopsis pollen does not even hydrate on Brassica stigmas. This was even the case when self-compatible pistils were used from a strain containing a null mutation at the S-locus (30, 44) , suggesting the involvement of another closely linked recognition gene. Although Arabidopsis is not self-incompatible and does not have an SCR protein to bind to SRK, it has retained the machinery for rejecting pollen at the stigma-genetic engineering of SCR and SRK into Arabidopsis converts it into a fully self-incompatible species (76) . The impact of this engineering on Arabidopsis behavior in UI is yet to be assessed. If SI Arabidopsis behavior changes with respect to UI, the generation of these new SI lines may allow identification of UI components, given the facile genetics of Arabidopsis.
PHASES II AND III: POLLEN TUBE ELONGATION AND NAVIGATION IN THE PISTIL
Following pollen adhesion and hydration, the pollen germinates and forms a tube that enters the stigma tissue through a cooperative process that requires the secretion of digestive enzymes by the pollen tube and a permissive response from the stigma. Cell-cell interactions during pollen tube invasion have been reviewed elsewhere (10), so we instead focus here on the subsequent steps of pollen tube elongation through the extracellular matrices of the stigma, style, and transmitting tract, processes that are mediated by female guidance cues. Because the ovary and ovules are located a large distance from the stigma, the pollen tubes also absorb nutrients from the intervening female tissues to construct cell walls and other cellular materials. Several components encountered by pollen tubes en route to the ovules have been recently characterized, including the stigma/stylar cysteine-rich adhesion (SCA) protein, chemocyanin, transmitting tissue specific (TTS) proteins, and γ -amino butyric acid (GABA).
Pollen Tube Germination on the Pistil
In vitro models of the stigma-pollen interface show that the ability to sense water gradients through a lipid matrix, whether the lipids are initially derived from the pollen coat or from wet stigma exudates, determines the initial polarity of germinating pollen tubes. When Nicotiana alata pollen grains were placed in purified triacylglycerides or stigma exudates, the grains germinated and extended pollen tubes directionally toward an aqueous interface containing pollen growth medium (104) . Thus, the ability of lipids to interact with water modulates both the rate of hydration as well as the establishment of gradients that orient tube growth. Neither mineral oil, which is especially water impermeable, nor tricaprylin, which is especially water permeable, is able to substitute for natural lipid coatings and support directional pollen tube elongation. A mixture of the two, however, provides an intermediate level of hydrophobicity sufficient for the establishment of a polarizing water gradient (62) . Additional evidence for a role for water gradients in promoting directional pollen tube growth comes from comparisons of tube behavior at high (>88%) and low humidity. A humid environment can rescue the hydration defect of pollen that lacks a coating, but pollen tube guidance is disrupted, with tubes growing in random directions (11) . Similarly, when a pollinated pistil with a wet stigma is placed at high humidity, pollen tubes grow randomly, including away from the stigma surface (61) .
Besides liquid gradients, pollen tubes perceive other signals derived from the stigma. These guidance cues can act either chemotactically or haptotactically; that is, they can be soluble factors secreted from a source, or substratum-bound factors detected as a gradient. Thus, a contact adhesive can enhance a weak gradient of a chemoattractant, and such adhesives appear to be important in generating guidance through the lily stigma and style ECMs (79) . Pollen tubes can navigate in vitro toward tissue prints of lily stigmas. By using this assay to explore the function of stigma extracts, Kim et al. identified a chemotactic substance called chemocyanin, a blue copper protein of the planacyanin family (46) . The effects of chemocyanin are augmented by SCA (see below), although SCA is itself not chemotactic. The molecular mechanism of this augmentation is not yet known.
Pollen Tube Adhesion in the Pistil
While pollen grain adhesion to the stigma is best understood in Arabidopsis and Brassica, pollen tube adhesion to the style is best understood in Lilium, where the large size of the style, coupled with bioassays, have led to exciting breakthroughs. In particular, biochemical purification of stylar exudate factors has become feasible with the development of an in vitro tube growth assay that utilizes coated nitrocellulose membranes (39) . Unlike the solid styles of Arabidopsis, lily styles are open and hollow, and pollen tubes elongate by interacting with the extracellular matrix (ECM) that coats the stylar surface. Two necessary components of stylar exudates have been identified: (a) pectin, and (b) a small stigma/stylar cysteine-rich adhesion (SCA) protein (71, 79) . Pectins are complex cell wall macromolecules, and are abundant in both the transmitting tract of the style and the pollen tube cell wall (40) . SCA is a 9-kD lipid transfer-like protein also found in the stigma and transmitting tract, as well as in pollen tubes grown in vivo (but not tubes grown in vitro) (79) . Pollen tubes do not make their own SCA, but appear to absorb it from the transmitting tract epidermis (58) . Purified, recombinant SCA is active in the pollen tube adhesion assay, but only when pectin is included. Thus, SCA may act as an adhesin that links the pectin matrices of the pollen tubes to the stylar cells. This model would account for the observation that pollen tubes grown in vivo adhere to one another, while those grown in vitro do not; only pollen tubes that have come into contact with stylar SCA have pectin matrices that are competent for adhesion.
Pollen Tube Elongation in the Pistil
Pistil transmitting tract cells secrete free sugars, amino acids, glycolipids, glycoproteins, polysaccharides, lipids, and proteins into the extracellular matrix, providing the nutrients and resources that support rapid growth of pollen tubes after the materials stored within the pollen grain are exhausted. When pistil carbohydrates are labeled, they can be detected in elongating pollen tubes, providing a source of energy, as well as cell wall components, as pollen tubes migrate (51) . The best-characterized pistil extracellular matrices are those of N. tabacum and its self-incompatible relative, N. alata. The solid styles of Nicotiana can reach 3 cm in length (5), and consequently, they have provided sufficient tissue for biochemical identification of hydroxyproline-rich glycoproteins, including arabidinogalactan proteins (AGPs) and extensins (reviewed recently in 106). AGPs are thought to play diverse roles in the pistil, contributing to structural, defensive, signaling, adhesive, nutrient, and guidance functions. The best-characterized AGPs are the TTS glycoproteins.
TTS glycoproteins are AGPs that promote pollen tube growth both in vivo and in vitro. Reducing TTS levels slows pollen tube growth in vivo and reduces fertility. Further, adding TTS proteins in vitro can stimulate Nicotiana pollen tube elongation by threefold (7) . In semi-in vivo studies, TTS proteins act as positive chemotropic signals, attracting pollen tubes that have emerged from the cut end of a pollinated pistil (7) . TTS sugar moieties could serve as substrates for the synthesis of new walls at the pollen tube tip; these sugar groups are required for both pollen tube growth stimulation and chemoattraction, as deglycosylation of TTS eliminates these activities. There has been some confusion in the literature concerning the role of TTS across Nicotiana species. In N. alata, a galactoserich protein known as GaRSGP is 96.5% identical to TTS, but does not stimulate growth or cause chemoattraction (92, 93) ; this result initially called into question the role of TTS. Nonetheless, the subsequent discovery of an arabinogalactan-rich N. alata protein 100% identical to TTS and fully active in pollen tube growth and chemotropic assays has confirmed the importance of this glycoprotein (108) .
TTS proteins are organized into a gradient, with glycosylation levels increasing from the stigma to the ovary, suggesting a role in pollen tube guidance (107) . This hypothesis has raised controversy on several counts. First, the N. tabacum style is much longer than the theoretical distance over which a chemoattractant is thought to act for pollen tubes (between 1.2 and 9.3 mm) (60) . Local chemoattractants are predicted to require gradients of greater than 10,000-fold, but there is only a fourfold difference in TTS glycosylation over the length of the N. tabacum style. Thus, it is unclear whether the gradient of TTS glycosylation could be sensed in a manner that promotes guidance through the microenvironments detected by the tube tip. Second, the role of chemoattraction to pollen tube growth through the style is uncertain, given that pollen tubes introduced in the middle or base of the style can and do sometimes grow toward the stigma, rather than toward the ovary (6, 72) . Glycosylated TTS proteins may well define a path for pollen tube travel, stimulating, but not dictating pollen tube growth in the proper direction.
Species Discrimination in the Pistil
As pollen tubes elongate through the transmitting tract of the style, they are in constant contact and communication with the female cells, providing ample opportunity to assess mating compatibility. In some cases, inappropriate pollen tubes are halted in the style (for example, when N. tabacum pistils are pollinated with N. rustica pollen), whereas in other cases inappropriate pollen tubes grow more slowly and meander in the transmitting tract (N. tabacum pistils pollinated with N. trigonophylla pollen). These mating barriers are not derived from simple incongruity, as these plants display only unilateral incompatibility and yield seed in the reciprocal crosses. Furthermore, as in the case of SI, these barriers are developmentally regulated; immature N. tabacum pistils allow N. rustica and N. trigonophylla pollen tubes to reach the ovules (49) . This result is reminiscent of the SSI-linked interspecific incompatibility described above. Indeed, species discrimination in Nicotiana is strongly linked to the Nicotiana GSI system. GSI in Nicotiana relies on pistil ribonucleases (RNases) to recognize and reject incompatible pollen (for a recent review, see 16). Like sporophytic SI, specificity is controlled by a multiallelic S-locus, although it is the S-allele in the haploid pollen grain, rather than the diploid parent plant, that is recognized. The female part of this SI system is a polymorphic S-RNase that accumulates to high levels in the extracellular matrix of the transmitting tract. This S-RNase is absorbed by the growing pollen tube and is recognized, in Petunia, by the Petunia inflata S-locus F-box (PiSLF) protein. In cases where the S-RNase and F-box protein S-alleles are the same, pollen tube growth is arrested in the style by triggering programmed pollen cell death, presumably through the activation of RNase activity (91, 98) .
Compelling data from Nicotiana indicate that species incompatibility is related to SI, with the multiallelic S-locus playing a direct role. Different S alleles from N. bonariensis result in different pollen behaviors in interspecific crosses, a behavior that can be traced to the S-RNase genes (78) . When an S-RNase gene from a selfincompatible N. alata plant is transformed into self-compatible Nicotiana species, interspecies crosses that were previously possible no longer succeed (73) . Thus, a single S-RNase can provide species-specific pollen discrimination and rejection. It is increasingly clear, however, that S-RNases are not the only molecules that participate in interspecific pollen rejection. Incompatibility relationships are often retained in self-compatible variants of self-incompatible species, demonstrating an SI-independent alternative. This view is supported by quantitative trait mapping in Lycopersicum, identifying three different loci that participate in species incompatibility, only one of which is at the S-locus. Thus, pollen tube inhibition relies on redundant discrimination and rejection systems, some of which depend on the S-locus. Intriguingly, the S-RNase from N. alata binds to TTS; although the physiological meaning of this interaction is unclear, it raises the possibility that pollen nutrient and/or guidance molecules facilitate S-RNase-mediated pollen rejection (18) .
PHASES IV AND V: NAVIGATION TO THE OVARY
Within the ovary, the signals necessary for pollen tube navigation onto the septum surface, up the funiculus, and into the micropyle, represent the final barriers to incompatible pollen tube arrival at the ovule. Multiple barriers provide redundancy that ensures only compatible pollen succeed. For example, when Arabidopsis and B. napus stigmas are coated with pollen from Orycholphragmus violaceus (another Brassica family member), few pollen tubes exit the transmitting tract onto the surface of the septum. Those that do fail either to find the funiculus or to enter the micropyle (89) . Unlike interspecific blocks that inhibit pollen uniformly, these barriers resemble incongruity and appear to be due to the divergence of reproductive signals during evolution. Thus, an understanding of these pollination barriers requires a deeper understanding of the signals that facilitate pollination, followed by an analysis of how these signals change over evolutionary time.
Pollen Tube Emergence onto the Septum Surface
When B. oleracea pollen is placed on an Arabidopsis pistil, pollen hydrates, germinates, and grows into the transmitting tract, but fails to emerge onto the septum surface; Arabidopsis pollen tubes normally exit the transmitting tract near an unfertilized ovule (44) . Although the nature of the signal directing tube emergence onto the septum is unknown, it does require intact ovules; short integuments 1 (sin1) and 47H4 mutants lack embryo sacs, and pollen tubes growing within these ovaries lose their preference for emerging at the nearest unfertilized ovule (36) . Genetic screens have also identified male-specific mutations that alter pollen tube emergence onto the septum. One such mutation is defective in an Arabidopsis homolog of the Mago nashi gene in Drosophila melanogaster. In animals, this protein is involved in intercellular mRNA localization and cell polarity, and may play an analogous role in determining pollen tube polarity (63) .
GABA in Pollen Tube Growth and Guidance
Although no signaling molecule has been identified for septum emergence, a gradient of γ -amino butyric acid (GABA) is involved in the final stages of pollen tube guidance to the ovule. GABA is a four-carbon ω-amino acid, best known for its role in animal neuronal synapses, but actually first discovered in plants (95) . In the pistil, GABA concentrations increase along the pollen tube path, reaching maximal concentrations in the inner integument cells directly surrounding the micropyle, the target of the pollen tube (77) . This gradient is disrupted in pollen-pistil interaction 2 (pop2) mutants, resulting in aberrant pollen tube growth and guidance. POP2 encodes a class III transaminase that converts GABA to succinic semialdehyde (77, 102) . In pop2 pistils, GABA levels are elevated over 100-fold, reducing the magnitude of the gradient, and increasing GABA in the ovule and septum tissues to rival the levels of wild-type inner integuments. These elevations presumably result in inappropriate targeting; in self-pollinations, pop2 pollen tubes remain at the septum surface or grow randomly in the ovary (77) .
In vitro studies confirm that pollen tube elongation is sensitive to GABA; physiological levels stimulate growth, whereas elevated GABA inhibits growth. pop2 pollen tubes are hypersensitive to GABA, suggesting that their deficiency in aminotransferase activity leads to a toxic, intracellular accumulation of GABA (77) . These observations suggest that elevated in vivo GABA attracts mutant pollen tubes to the septum surface, or if the tubes continue to grow, disrupts their perception of the GABA gradient that culminates at the micropyle. Thus, intracellular degradation of GABA in wild-type pollen tubes probably sharpens the GABA gradient, allowing tubes to distinguish the micropyle from the rest of the ovule. Such a system for maintaining sensitivity to high signal levels is analogous to degradation of cAMP in Dictyostelium chemotaxis (15) .
Unlike interspecific incompatibility that requires active screening mechanisms, compounds such as GABA may block incompatible mates due to suboptimal concentrations. For example, GABA levels may change through evolutionary time, coevolving in pollen and pistil to support optimal pollen tube growth and guidance. Pollen tubes from other species could consequently encounter GABA concentrations that inhibit growth or guidance.
Pollen Tube Guidance to the Funiculus and Micropyle
Close examination of the final stages of pollen tube behavior suggests that the migration up the funiculus and entry into the micropyle are distinct guidance events; genetic analyses confirm this model. Guidance to the diploid funiculus of an unfertilized ovule is defective in the Arabidopsis inner-no-outer (ino) mutants; these mutants lack outer integument layer of the ovule, but do have a functional female gametophyte (4). The final, abrupt turn toward the micropyle, made by pollen tubes within 10 µm of their target, is defective in the female, gametophytic mutants magatama 1 and 3 (maa1 and 3) (89) . Pollen tubes fail to identify the micropyle of defective maa ovules, although funicular guidance remains intact. Neither the funicular nor micropylar signals are known, but there are several indications that one or both originate in the synergid cells.
The understanding of the final stages of pollen tube guidance was considerably advanced by the development of an in vitro fertilization system in Torenia fournieri, where the presence of an embryo sac that protrudes from the micropyle makes it possible to observe interactions with pollen tubes (25) . In this system, both 811 synergids and half of the central cell are exposed, rather than embedded inside the integument layers, as in Arabidopsis. By placing the cut end of a pollinated pistil near an excised Torenia ovule, it was possible to recapitulate the late stages of guidance (25) ; this guidance requires earlier growth of pollen tubes through the stigma and style, indicating a capacitation step (24, 26) . Laser ablation of embryo sac cells shows unequivocally that the synergids cells are the source of the final attraction signal(s) (29) . The genes defined by the maa mutants could encode such signals, as they function in the female gametophyte and act over a range of a few 100 µm (although the defect in polar nuclei fusion in the maa mutant embryo sacs complicates this hypothesis).
Interactions between male and female gametophytes evolve quickly, and may represent the primary preinsemination barrier in closely related taxa. Indeed, the synergid signals described in Torenia are species-specific, even for very closely related taxa (28) . Such specificity makes a ubiquitous signal such as calcium unlikely, but instead points to small, diffusible molecules, such as peptides that could evolve rapidly and supply a species-specific signature (28).
Pollen Tube Reception
As pollen tubes arrive at a synergid, their growth arrests and the tip ruptures, releasing the sperm cells for fusion with the egg and central cells through a process termed pollen tube reception (34) . In some species, synergid degeneration occurs just before pollen tube arrival (87) . In Arabidopsis, observations of GFPexpressing pollen tubes showed that synergid degeneration occurs just before, or at the same time as, the pollen tubes burst. By using the Tourinia semi-in vitro system, synergid degeneration can be measured very precisely, occurring within one second of pollen tube lysis (27) . Indeed, in this species, the force of pollen tube discharge, which is calculated to be 12,000 µm per second, may cause the immediate breakdown of the targeted synergid (27) . An analysis of an Arabidopsis mutant provided seemingly contradictory data: Pollen tubes of the female gametophytic feronia mutant do not lyse, but instead grow beyond the synergids, invading the female gametophyte, coiling inside the micropyle, and sometimes entering the central cell. One of the pair of feronia synergids does show the cytological changes that accompany degeneration, suggesting that pollen tube bursting may not be an absolute requirement for synergid degeneration (34) . This analysis leads to the intriguing model that the feronia mutant lacks a signaling component that normally triggers pollen tube discharge. A mutant with a very similar phenotype was identified by another research group and named sirine (86) . Both sirine and feronia map to similar locations on chromosome 3, suggesting they correspond to the same gene.
CONCLUSION
During pollination, the pistil supports and encourages the growth of some pollen genotypes, while discouraging or rejecting other pollen. Thus, communication and coordination between pollen and the pistil establishes the limits of inbreeding and outbreeding of a species. On the far end of this spectrum lies incongruity: the rejection of pollen grains because reproductive systems have diverged to the extent that they no longer interact properly. This is in contrast to interspecific incompatibility systems that can distinguish pollen from close relatives and sometimes correlate with the presence of a third pollen rejection system, SI. While this article focused on the range and spectrum of pollen rejection systems, we did not emphasize pollen acceptance, yet plants are notorious for ignoring species definitions, mating, and making viable hybrids with relatives. The propensity for these hybridizations can be exploited to investigate speciation and evolution (75) . Given the enormous genetic resources available in Arabidopsis, and its ability to marshal some aspects of interspecific incompatibility, future studies will likely use this system to identify genes responsible for species discrimination. At the same time, the accumulation of genomic resources in other species, particularly those of agronomic value, is opening up the possibility of similar studies in B. oleracea, soybean, tomato, tobacco, rice, and corn. As more genes involved in mate recognition are identified, prospective sequencing in related species will define whether these genes are subject to rapid diversification during speciation. It is estimated that there are nearly a quarter million species of flowering plants; with the considerable genetic and genomic resources that are now available, we have the tools to begin to understand the genetic underpinnings that produce and maintain this diversity.
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